Metastatic spread is the leading cause of cancer mortality. Breast cancer (BCa) metastatic recurrence can happen years after removal of the primary tumor. Here we show that Ubc13, an E2 enzyme that catalyzes K63-linked protein polyubiquitination, is largely dispensable for primary mammary tumor growth but is required for metastatic spread and lung colonization by BCa cells. Loss of Ubc13 inhibited BCa growth and survival only at metastatic sites. Ubc13 was dispensable for transforming growth factor β (TGFβ)-induced SMAD activation but was required for activation of non-SMAD signaling via TGFβ-activating kinase 1 (TAK1) and p38, whose activity controls expression of numerous metastasis promoting genes. p38 activation restored metastatic activity to Ubc13-deficient cells, and its pharmacological inhibition attenuated BCa metastasis in mice, suggesting it is a therapeutic option for metastatic BCa.
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ubiquitination-mediated signaling | pre-clinical studies B reast cancer (BCa) is the leading invasive cancer among women worldwide. BCa-related mortality is usually caused by distant metastases rather than primary tumors (1, 2) . The spread of cancer cells from primary tumors to distant organs, termed metastasis, is a multistep process in which cancer cells must (i) invade through the extracellular matrix (ECM), (ii) disseminate into the bloodstream, (iii) survive in the circulation, and (iv) extravasate and successfully colonize distant sites (3) . Conventional therapeutic strategies have limited success in preventing and treating metastatic cancer, and BCa metastases can recur many years after removal of the primary tumor. This phenomenon could be due to the complex nature of metastasis itself, and, more realistically, the limitation of current treatments that are effective against primary BCa, i.e., surgical removal and localized radiotherapy, but do little to prevent metastatic recurrence. Even chemotherapy is not very effective against metastatic tumors (4) . Unfortunately, the pharmaceutical industry has been reluctant to conduct metastasis prevention trials on patients with early stage cancer using survival and reduction of metastatic load as end points, because such studies are lengthy and require a large number of patients with otherwise relatively good survival prospects (4) . Consequently, the development of agents that prevent metastasis from occurring and trigger regression of established metastatic lesions is an urgent unmet need.
It was reported that expression of the ubiquitin conjugating enzyme (E2) Ubc13 is up-regulated in metastatic BCa (5) . Ubc13, which heterodimerizes with Uev1a, catalyzes formation of lysine 63 (K63)-linked polyubiquitin chains, which control protein-protein interactions involved in DNA damage repair and protein kinase activation (6, 7) . In certain immune cells, Ubc13 is required for IκB kinase (IKK)-nuclear factor κB (NF-κB) activation, but a more ubiquitous role for Ubc13 was observed in the activation of MAPK signaling (8) (9) (10) (11) . We found that Ubc13 is required for activation of mitogen-activated protein kinase kinase kinase 1 (MEKK1), transforming growth factor β (TGFβ)-activating kinase 1 (TAK1), and downstream MAPK cascades on CD40 engagement in B cells (10) . Importantly, MEKK1 and TAK1 are also required for BCa metastasis (12, 13) . Of the numerous signaling pathways affecting BCa metastasis, the TGFβ pathway has some of the strongest effects, and it promotes metastasis by inducing migration, intravasation, and epithelial-mesenchymal transition (EMT) of carcinoma cells (14) . TGFβ signaling is mediated through SMAD-dependent and -independent (non-SMAD) pathways (15, 16) . Non-SMAD TGFβ signaling is positively regulated by multiple molecules including TAK1 (17) , tumor necrosis factor receptor-associated factor 6 (TRAF6) (18) , and TRAF4 (19) . The p38 MAPK also participates in different steps of metastasis, including ECM invasion by primary cancer cells, migration across the surrounding tissue, entry into the circulation, and colonization of distant sites (20) . p38 inhibitors are not toxic and were found effective in prevention and attenuation of inflammatory pain in humans (21, 22) . Here we show that a Ubc13-controled TAK1-p38 cascade controls BCa metastatic dissemination and that a p38 inhibitor can cause regression of established metastases.
Significance
We demonstrate that ubiquitin-conjugating enzyme Ubc13, whose expression is elevated in primary and metastatic breast cancer (BCa), promotes metastatic spread of BCa cells by controlling their lung-colonizing ability while having little effect on primary tumor growth. Mechanistically, Ubc13 is required for TGFβ-induced non-SMAD signaling via TAK1 and p38, a pathway that is first activated in the primary tumor. An Ubc13-and p38-dependent metastatic gene signature was identified, explaining how p38 may control metastasis and providing a measure for monitoring the effectiveness of pharmacologic p38 inhibition, which inhibits the growth of established metastatic lesions. We suggest that p38 inhibition should be considered as a potential treatment for metastatic BCa.
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Results
Ubc13 Controls BCa Lung Metastasis. Ubc13 is up-regulated in metastatic BCa (5) . Using the Oncomine platform, we confirmed that Ubc13 is up-regulated in various tumor tissues, including breast, pancreas, colon, prostate, and lymphoma (Fig. S1A) . A search of The Cancer Genome Atlas (TCGA) datasets showed that Ubc13 (UBE2N) and its targets vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) (see below) are up-regulated in human tumor and metastasis specimens compared with normal tissue (Fig. S1B ). Up-regulation was enriched in basal and Her2 + BCa subtypes (Fig. S1B) , which are known to be more metastatic. We used a human BCa cell line, LM2 or 4175, which grows in mice and preferentially metastasizes to lung (23) , to study the role of Ubc13 in metastatic spread. Ubc13 expression in LM2 cells was silenced by lentiviral shRNA delivery, and resulting shUbc13 and control LM2 cells (shControl) were injected into the #4 mammary fat pads of NOD/SCID recipient mice. After 8 wk, mice were killed, and their lung sections were H&E stained to detect metastases. Lung sections from LM2-shControl cells injected into mice showed large areas containing densely packed cancer cells (Fig. 1A) , indicating successful lung colonization. In sharp contrast, LM2-shUbc13 cells formed much smaller areas containing cancer cells (Fig. 1A) . LM2-shControl cells gave rise to >10-fold more lung metastases than LM2-shUbc13 cells, based on lung areas occupied by cancer cells or quantitative RT-PCR (qRT-PCR) analysis of human-specific β2-microglobulin (B2M) normalized to mouse β-actin mRNA (Fig. 1B) . Immunoblot analysis of cancer cells isolated from xenografts confirmed that Ubc13 expression was stably silenced (Fig. 1C) . Importantly, Ubc13 silencing had no detectable effect on primary tumor growth and mass ( Fig. 1 D and E) . We also inoculated LM2 cells via the tail vein to rule out any effects on the primary tumor and found that Ubc13 silencing dramatically reduced lung metastasis, determined by bioluminescence measurement and surface nodule numbers ( Fig. 1 F-H) .
To further confirm the requirement of Ubc13 for metastasis, we carried out similar experiments using the mouse metastatic mammary cancer 4T1 cell line. Again, Ubc13 silencing had no effect on primary tumor growth but greatly reduced the ability of 4T1 cells to metastasize to lung in Balb/C mice (Fig. S2A ). We also used another metastatic mouse mammary cancer cell line, MT2, derived from MMTV-cNeu/ErbB2-induced tumors in Friend virus B-type (FVB) mice (24) . When transplanted into the #2 mammary gland, shControl-MT2 cells formed lung metastases in 60% of transplanted mice, but shUbc13-MT2 cells did not metastasize (Fig. S2B) . However, Ubc13 silencing in MT2 cells did partially affect primary tumor growth (Fig. S2B) . We also crossed Ubc13 F/F mice (8) with MMTV-cNeu mice (25) (both in the FVB background). The resulting MMTV-cNeu;Ubc13 F/F mice formed spontaneous mammary tumors starting at 6 mo of age. We isolated cells from these tumors and infected them with Adeno-Cre to delete Ubc13 ex vivo or AdenoGFP as a control (Fig. S3A) . The Ubc13-depleted ErbB2 tumor cells failed to form lung metastases after orthotopic transplantation or tail vein injection into FVB mice (Fig. S3A) . Last, we reconstituted Ubc13-silenced cells with either WT or a catalytically inactive mutant (C87A) form of Ubc13 ( Fig. S3B ) and transplanted the resulting cells into mice. Importantly, WT-rescued cells formed lung metastases, whereas cells reconstituted with Ubc13(C87A) did not (Fig. S3B) . Thus, Ubc13's catalytic activity is required for BCa metastatic spread.
Ubc13 Controls BCa Lung Colonization. To address how Ubc13 controls metastasis, we used an inducible shRNA lentivirus that allows gene silencing on doxycycline (Dox) treatment while labeling transduced cells with red fluorescent protein (RFP) (26) . In LM2 cells transduced with this construct, Dox led to stable inhibition of Ubc13 expression within 3 d, and Dox withdrawal restored Ubc13 expression as early as day 3 with full expression on day 5 ( Fig. 2A) . Flow cytometry and immunofluorescence (IF) microscopy confirmed that both p10-shCtrl-and p10-shUbc13-transduced cells were uniformly RFP positive after Dox addition ( Fig. 2B and Fig. S4 ). To address whether Ubc13 is required for entry of BCa cells into the lung, p10-shControl-and shUbc13-transduced LM2 cells were cultured with Dox for 4 d, and tail vein injected into NOD/SCID mice that were kept on Dox-containing water for 1 wk and switched to regular drinking water for 3 wk. Lung metastasis was monitored weekly by a bioluminescence assay. Curiously, no differences in lung metastasis were observed between the two groups ( Fig. 2C ), indicating that Ubc13 activity is not required for lung seeding, a process that was probably completed within the first 24 h. We also injected p10-shControl and shUbc13 LM2 cells into NOD/SCID mice that were kept on regular water for 1 wk, allowing the cells to enter the lung and colonize it. The mice were then given Dox-containing water to silence Ubc13 expression. Whereas p10-shControl cells formed detectable lung metastases as early as 2 wk after injection, p10-shUbc13 cells did not form detectable metastases in Dox-treated mice (Fig. 2D ). Microscopic analysis under bright field (BF) and red fluorescence (RFP) confirmed that shUbc13-LM2 cells formed much fewer and smaller lung nodules than shControl-LM2 cells (Fig. 2E) . To further study how Ubc13 affects metastatic growth, we performed tumorsphere formation assays on control and shUbc13 cells and found that Ubc13 silencing had no effect on these properties ( Fig.  S5 A and B) . These results are consistent with the finding that Ubc13 is generally dispensable for primary tumor growth. Loss of Ubc13 in BCa cells also did not affect their proliferation as evident by carboxyfluorescein succinimidyl ester labeling (Fig. S5C) . Importantly, loss of Ubc13 also did not affect LM2 cell intravasation or extravasation quantified by qPCR (Fig. S5D) . Through real-time in vivo imaging, we observed no difference in frequencies of circulating tumor cells between shControl and shUbc13 LM2 transplanted mice (Fig. S5 E and F, Table S1 , and Movie S1). We therefore reasoned that Ubc13 could specifically control metastatic BCa growth properties. Indeed, shUbc13 BCa cells residing in small lung lesions were less proliferative than shControl cells in lung lesions and were more likely to show caspase 3 activation (Fig.  2F ). In keeping with Ubc13 being dispensable for primary tumor growth, we did not observe a difference in proliferation and apoptosis of BCa cells within primary tumors formed by shControl-or shUbc13-LM2 cells (Fig. S6 ).
Ubc13 Controls BCa Metastasis Through TAK1 and p38 MAPK. Ubc13 is involved in both NF-κB and MAPK activation, but the dependence of either response on Ubc13 activity is cell type specific (8, 9) . To better understand the role of Ubc13 in signaling within BCa cells, we stimulated LM2 cells with TNF. Although Ubc13 silencing had no effect on IκBα degradation and resynthesis, it inhibited p38α phosphorylation (Fig. 3A) . However, Ubc13 silencing had no significant effect on JNK activation. Because TGFβ signaling is more relevant to the control of BCa metastasis than TNF (16), we examined the role of Ubc13 in TGFβ-induced SMAD and non-SMAD signaling in LM2 cells. Although Ubc13 silencing had no effect on SMAD phosphorylation, it inhibited TGFβ-induced p38α phosphorylation (Fig. 3B) . TNF receptor family members signal to p38 via the MAPK kinase kinases (MAP3K) MEKK1 and TAK1 (10). We found that TGFβ-induced TAK1 phosphorylation was substantially reduced on Ubc13 silencing (Fig. 3C) . Silencing of TAK1 or p38α in BCa cells led to dramatically reduced lung metastasis ( Fig. S7 A and B) . Compared with shControl-LM2 cells, shUbc13-LM2 cells exhibited lower p38 phosphorylation (i.e., activation) in both lung lesions and primary tumors (Fig.  S7C) . Expression of constitutively active MKK3, which acts between TAK1 and p38, so-called MKK3(EE) (27) , in Ubc13-silenced 4T1 cells fully restored their metastatic potential while having no effect on primary tumor growth, which was not influenced by the absence of Ubc13 (Fig. 3 D and E) . In conclusion, Ubc13 controls BCa metastasis through TAK1, MKK3 (or MKK6), and p38α.
A Metastatic Gene Signature That Is Controlled by Ubc13 and p38. To gain an insight to the genes whose expression depends on Ubc13 activity, we performed a gene array analysis on cells isolated from tumors formed by shControl-and shUbc13-LM2 cells. A number of genes, including CNN2 (calponin 2) (28), PLTP (phospholipid transfer protein) (29, 30) , and IGFBP3 (insulinlike growth factor binding protein 3) (31), all of which have been previously associated with breast tumorigenesis or metastasis, were found to be down-regulated in shUbc13 cells (Fig. 4A) . It is worth noting that Ubc13 also negatively regulates the expression of a number of genes, including FGF13 (fibroblast growth factor 13) and Col3A1 (collagen, type III, α1), whose functions in metastasis remain unexplored. A gene signature that controls BCa metastasis to lung was previously reported (23), and we postulated that loss of Ubc13 can affect this signature. qPCR analysis confirmed the down-regulation of several metastasispromoting genes, including IL13RA2, CD44, VCAM-1, and ICAM-1 (Fig. 4B) . Expression of ICAM-1 protein was also largely dependent on both Ubc13 and p38 (Fig. 4 C and D) . As noted above (Fig. S1B) , expression of both VCAM-1 and ICAM-1 was up-regulated in human primary tumors and metastasis, including basal and Her2 + BCa, compared with normal tissues. Silencing of ICAM-1 expression in 4T1 cells reduced lung metastasis without affecting primary tumor growth (Fig. 4E) . Taken together, these data provide further support to the important metastasis regulating function of Ubc13. A similar change in gene expression pattern was found in p38α-silenced LM2 cells (Fig. S8A) . Importantly, expression of MKK3(EE) in Ubc13-silenced cells restored expression of the lung metastasis gene signature (Fig. S8B ) in keeping with their regained metastatic potential (Fig. 3E) . It is worth noting that mRNA expression of IL-6, a cytokine that plays a key role in BCa metastasis (32) , was down-regulated in both shp38α-and shUbc13-LM2 cells, and expression of MKK3(EE) in shUbc13 cells restored its expression (Fig. S8 A and B) .
p38 Inhibition Suppresses Mammary Cancer Metastasis. Given the availability of specific and effective p38 kinase inhibitors that are not toxic in humans (21), we examined whether pharmacological inhibition of p38 affects metastatic spread. First, we injected polyomavirus middle T antigen (PyVT) transgene (PyMT) cells (33) into C57BL/6 females via the tail vein, followed by treatment with the p38 inhibitor SB203580 or vehicle via daily oral gavage for 4 wk. Treatment with the p38 inhibitor suppressed formation of lung metastasis (Fig. 5 A and B) . To examine whether p38 inhibition leads to regression of established metastases, we started inhibitor treatment 2 wk after cancer cell implantation (Fig. 5C ). Importantly, a 2-wk-long treatment with SB203580 was as effective in reducing metastatic load as the 4-wk-long treatment (Fig. 5D) . These results suggest that p38 inhibition can be used to treat established BCa metastasis. In support of this hypothesis, we found through a search of the TCGA and BRCA datasets that upregulation of either p38α (MAPK14) or Ubc13 correlates with worse overall survival in human BCa (Fig. 5 E and F) .
Discussion
The observation that Ubc13 expression is elevated in metastatic BCa raised the suspicion that it may be causally involved in the metastatic process rather than just serve as a marker for BCa with high metastatic potential (5). Our results confirm that in addition to being associated with poor overall survival in human BCa, Ubc13 is directly involved in the metastatic process and is required both for lung colonization and survival and proliferation of established metastatic lesions. Ubc13, however, does not play a significant role in primary tumor development and growth. In addition, Ubc13 is dispensable for intravasation and extravasation of BCa cells, under the experimental conditions we used.
Together with Uev1a, Ubc13 forms an E2 ubiquitin-conjugating enzyme that catalyzes formation of K63-linked polyubiquitin chains in response to activation of diverse cytokine and pattern recognition receptors (7) . As such, Ubc13 is involved in activation of a number of signaling pathways where K63-linked polyubiquitin chains mediate protein-protein interactions that control critical protein kinases (7) . Among the most thoroughly studied Ubc13-dependent signal transduction pathways are the IKK-NF-κB, JNK, p38 (8, 9) , and retinoic acid-inducible protein 1 (RIG-I)-TANK-binding kinase 1 (TBK1) pathways (34), as well as p53 (35) , and the mammalian target of rapamycin (mTOR) (36) . We previously found that Ubc13 is required for activation of the MAP3Ks TAK1 and MEKK1 downstream to members of the TNF receptor family (10). Ubc13 is also required for TAK1 activation downstream to TGFβ receptors, which, just like TNF receptors, rely on the signaling protein TRAF6 to recruit and direct Ubc13 toward its essential substrates (in this case, the TAB proteins) (17, 18) . Although this has not been firmly established in our system, Ubc13 is likely to control BCa metastasis downstream to TGFβ receptors, which are wellestablished regulators of BCa metastasis (14) . TGFβ receptor signaling also leads to activation of TAK1 and p38, both of which act downstream to Ubc13 in the control of BCa metastasis. Importantly, Ubc13 is required for maintaining the expression of numerous BCa metastasis genes, including several genes that are regulated by TGFβ (37) (38) (39) . Notably, however, Ubc13 is not required for SMAD activation by TGFβ, indicating that if indeed Ubc13 stimulates metastatic growth and survival downstream of TGFβ receptors, this effect is mediated through non-SMAD signaling. Given that TGFβ signaling can either suppress or promote tumor development and metastatic spread depending on context and cell type (40, 41) , general inhibition of both SMAD and non-SMAD TGFβ signaling could lead to undesired outcomes. Our results demonstrate that more selective inhibition of non-SMAD signaling through interference with Ubc13 or its downstream effector p38 does lead to effective inhibition of metastatic spread and even compromises the survival of existing metastases. We speculate that Ubc13 exerts its prometastatic activity by controlling expression of cell surface molecules on BCa cells. These molecules play pivotal roles in interacting with the hostile microenvironment, present at metastatic (or premetastatic) sites but are not required for survival and growth at the primary tumor site. Indeed, we found that loss of Ubc13 led to down-regulation of a subset of cell surface molecules, including CD44, ICAM-1, and VCAM-1. VCAM-1 was found to provide a survival advantage to BCa cells by mediating their association with macrophages (42) , and soluble ICAM-1 was reported to promote bone metastasis through activation of NF-κB (43) . Although Ubc13-dependent K63-linked polyubiquitination controls the activation of several signaling pathways, as well as DNA repair responses (7, 44) , our results indicate that TAK1-dependent p38 activation is the major mediator of the prometastatic effect of Ubc13 in BCa. Importantly, reconstitution of p38 activity by ectopic expression of constitutively active MKK3(EE) in Ubc13-deficient BCa cells restores their metastatic potential. Involvement of p38 MAPK signaling in cancer development, progression, and metastasis has been demonstrated previously (45) (46) (47) (48) . The p38 MAPK was suggested to overcome ERK signaling to promote survival of dormant cancer cells through activation of the unfolded protein response (49) (50) (51) , as well as various steps in the process of invasion and metastasis (20) . Activation of p38 MAPK was also found to be elevated in BCa cells exposed to chemotherapy (52) , and a p38 inhibitor cooperates with cisplatin to induce cancer cell death in PyMT mice (53) . In clinical specimens of matched primary and invasive breast carcinomas, p38 phosphorylation was found to correlate with expression of EZH2, a polycomb group protein that functions as an oncogene in BCa and whose overexpression is associated with metastatic disease (54) . However, one study has found that the TAK1-p38 pathway inhibits bone metastasis by BCa, acting downstream to hepatocyte growth factor kringle 1 domain and decreasing expression of receptor activator of NF-κB (55) . By contrast, we find that either specific ablation of p38 in BCa or mammary cancer cells, as well as systemic inhibition of p38, results in a strong antimetastatic effect. A clinical study had revealed that increased p38 phosphorylation in BCa effusions correlated with shorter overall survival (56) . It remains to be examined whether and how Ubc13 and p38 control BCa bone metastasis.
The p38 MAPKs, in particular p38α, exert their protumorigenic activities through transcriptional and posttranscriptional regulation of numerous target genes (48) either through direct phosphorylation or through the p38-dependent kinases: MAPK-activated protein kinase-2 (MAPKAPK2) and MAPKAPK3, p38-related/ activated protein kinase (PRAK), mitogen-and stress-activated protein kinase-1( MSK1), and MAP kinase-interacting kinase 1 or 2 (MNK1/2). p38α controls the activation of transcription factors, such as ATF2 and CREB; p38α also controls mRNA turnover and translation through various RNA binding proteins (57, 58) . Using gene expression analysis, we identified several target genes, previously shown to affect BCa metastasis, whose expression is p38 dependent, including CNN2, PLTP, IGFBP3, IL-6, IL13RA2, CD44, VCAM-1, and ICAM-1. At least one of these genes, encoding ICAM-1, controls metastatic spread in our system. In addition, p38 and Ubc13 control expression of IL-6 mRNA in BCa cells. Previous studies have shown that autocrine IL-6 signaling controls cancer cell growth, cancer stem cell (CSC) renewal, and metastasis (59) (60) (61) . IL-6 can stimulate Notch3-dependent up-regulation of Jagged-1 to promote BCa cell growth and maintain an aggressive phenotype (62) . It remains to be determined how IL-6 signaling is regulated by the Ubc13 and p38 in the context of BCa.
Importantly, pharmacological inhibition of p38 can block metastatic spread of mammary cancer in mice and can even attenuate the growth or survival of established lung metastases. Given that a number of small molecule p38 inhibitors were found to be effective and safe for the treatment of inflammatory pain in humans (21, 22) , these findings suggest that p38 inhibitors should be evaluated as antimetastatic drugs in human BCa. Because bone metastasis is frequently associated with inflammatory and neuropathic pain, such inhibitors can be first evaluated for their ability to alleviate pain in bone metastatic BCa, an application that will facilitate the testing of their antimetastatic potential (63) .
Materials and Methods
Female virgin NOD/SCID, Balb/C, FVB, or C57BL/6 mice, 6-7 wk old (from Charles River), were used. For orthotopic inoculation, cells suspended in PBS mixed with Matrigel (100 μL total volume in 1:1 ratio) were injected into the fourth right mammary fat pad of mice unless otherwise indicated. Tumor size was measured using a caliper, and volume was calculated as length × width 2 × 0.52. At the end of experiments, mice were killed to harvest tumors and lung tissues for histological and other analyses. For lung colonization assays, mice were i.v. injected with 0.2 × 10 6 LM2 cells in 100 μL PBS and subjected to BLI imaging by IVIS. For inducible silencing experiments, doxycycline hyclate (Sigma-Aldrich) was added into the drinking water (2 mg/mL). To quantify lung metastasis, visible surface nodules were counted. In some cases, lung tissues were sectioned and stained with H&E. Three sections spaced 100 μm apart were counted for metastases. Mice were maintained under specific pathogen-free conditions, and all experimental protocols were approved by the University of California at San Diego Animal Care Program, following National Institutes of Health Guidelines. Antibody information and shRNA and Q-PCR primer sequences are listed in Tables  S2-S4 . Please see SI Materials and Methods for more details.
